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The tips of cilia are transit points where proteins can be removed by actinmediated vesicle release rather than undergoing retrograde transport to the cell body.
INTRODUCTION
The cilium is a compartment 5,000 times smaller than the rest of the cell that concentrates receptors for Hedgehog signaling, vision, olfaction, and body weight homeostasis (Schou et al., 2015) . By maintaining its own concentrations of the second messengers cyclic AMP (cAMP) and Ca
2+
, the cilium provides unique reaction conditions to signaling molecules that dynamically enter and exit cilia upon pathway activation (Nachury, 2014) . For example, activation of the Hedgehog pathway triggers the ciliary exit of the G protein-coupled receptor (GPCR) GPR161 and the resulting decrease in ciliary cAMP levels facilitates subsequent signaling steps (Mukhopadhyay et al., 2013) . Signal-dependent ciliary exit extends to several phototransduction molecules (Calvert et al., 2006) and to the GPCRs somatostatin receptor 3 (SSTR3) and neuropeptide Y receptor 2 (NPY2R) (McIntyre et al., 2016 ). Yet, the functional importance of exit to the appropriate transduction of signals remains controversial (Kim et al., 2015; Yue et al., 2014) .
The conventional pathway for retrieval of activated GPCRs from cilia back into the cell relies on the conformational sensor b-arrestin 2 and on the BBSome, a complex of Bardet-Biedl Syndrome (BBS) proteins that forms a membranous coat with the Arf-like GTPase Arl6/Bbs3 (Jin et al., 2010; Lechtreck et al., 2013; McIntyre et al., 2016; Pal et al., 2016) . Meanwhile, ectocytosis has recently emerged as an alternative ciliary exit route in the unicellular green alga Chlamydomonas (Cao et al., 2015; Wood et al., 2013) . During ectocytosis, the localized outward curving of ciliary or plasma membranes buds an extracellular vesicle (EV), termed ectosome or microvesicle (Colombo et al., 2014; Wood and Rosenbaum, 2015) . While ciliary ectocytosis might represent a specialization of Chlamydomonas where the cilium bears the only membrane exposed to the extracellular environment, analysis of mammalian and nematode EVs has detected several proteins found in part in cilia, in particular the polycystic kidney disease (PKD) proteins fibrocystin/PKHD1 and polycystin-2/PKD2 and the protrusion-specific protein prominin (Wood and Rosenbaum, 2015) . However, EVs can also originate from multivesicular body secretion, and this type of EV (termed exosomes) may deliver proteins to cilia upon fusion with the ciliary membrane. Membranous buds associated with cilia could thus represent either exosomes fusing with cilia or ectosomes budding from cilia (Wang and Barr, 2016) . Given the multiple hypotheses for the origin of cilia-related EVs in worms and mammals, the evolutionary conservation of ciliary ectocytosis remains to be determined. Similarly, the regulatory triggers and molecular mechanisms of ciliary ectocytosis as well as the interplay between retrieval and ectocytosis are largely unknown. Finally, the range of functions carried out by EVs remains an open question. While EVs were initially thought to represent a form of cellular disposal (Pan et al., 1985) , this hypothesis has been largely supplanted by the idea that EVs carry information across cells (Desrochers et al., 2016) , as echoed by reports of bioactivity in ciliary ectosomes and cilia-related EVs (Cao et al., 2015; Wang et al., 2014; Wood et al., 2013) .
While imaging the signal-dependent removal of GPCRs from mammalian cilia in real time, we found that activated GPCRs become concentrated at the ciliary tip and ectocytosed when retrieval fails. Signal-dependent ciliary ectocytosis is a remarkably efficient and specific means to remove activated GPCRs from cilia. Surprisingly, a defined actin-regulated machinery triggers ectosome release from the tip of cilia. Functionally, ciliary ectocytosis is required for the appropriate regulation of Hedgehog signaling in retrieval mutants. Our results show that signaldependent ectocytosis mirrors receptor-mediated endocytosis as an evolutionarily conserved process that removes activated receptors from the cell surface to alter signaling processes.
RESULTS

Failure to Retrieve GPCRs from Cilia Results in
Ectocytosis from the Tip SSTR3 is a well-characterized Ga i -coupled receptor that localizes to cilia of hippocampal neurons and undergoes agonistdependent exit (McIntyre et al., 2016) . By leveraging endogenous-strength promoters, we reconstituted the agonist-dependent exit of SSTR3 in inner medullar collecting duct (IMCD3) kidney cells (Movie S1). SSTR3 was imaged either with an intracellular NeonGreen tag or through an extracellular fusion to a biotinylated acceptor peptide (AP) revealed with fluorescently labeled monovalent streptavidin (SA647). This system allowed us to demonstrate that the BBSome/Arl6 coat is required for agonist-dependent retrieval of SSTR3 from cilia ( Figure 1A) , consistent with the BBSome requirement for Hedgehog-dependent exit of GPR161 from cilia (Eguether et al., 2014; Liew et al., 2014) . Surprisingly, in the course of imaging Arl6 À/À cells treated with somatostatin (sst), we noticed that the failure to retrieve SSTR3 resulted in a striking accumulation of SSTR3 at the cilia tips ( Figure 1B ). Live imaging revealed that the tip foci of SSTR3 rapidly underwent scission, resulting in the release of EVs packaged with SSTR3 (Figures 1C and S1A; Movie S2). ] cells were imaged in the NeonGreen channel every 10 min following addition of sst. In all subsequent time series, yellow and red triangles point to the base and tip of cilia, respectively, and the ectosome is circled. (F) SSTR3 foci formation in various retrieval mutants and knockdowns. Data were acquired as in (D) and (E) and the cumulated foci frequency over 2 hr was plotted. n = 50-87 cilia. (G) Formation of SSTR3-enriched tip foci requires active signaling and defective retrieval. IMCD3-[  AP SSTR3 NG ] cells were imaged every 10 min following addition of sst or vehicle and tip foci were scored in the NeonGreen channel. Data were fitted to a simple exponential. n = 50-76 cilia. (H) Activation of the Hedgehog pathway in b-arrestin2 À/À cells leads to the formation of GPR161 tip foci (see also Figure 3A ). IMCD3-[pCrys-AP   GPR161   NG3 ] cells, either wild-type or knockout for b-Arrestin 1 or 2, were imaged following addition of SAG and scored and fitted as in (G). n = 71-73 cilia. (I) Model illustrating the competing removal modalities of activated GPCRs. (J) Scanning EM reveals buds at the ciliary tip in retrieval-defective cells. WT or Arl6
NG ] cells were treated with sst for 1 hr These SSTR3 EVs clearly resided outside of the cell as they moved freely and diffused away from the cilium into the medium (Movie S2). Signal-dependent accumulation of activated SSTR3 at the tips and subsequent ectocytosis were observed in all instances of failed retrieval including cells depleted of the BBSome subunits BBS2 and BBS4 ( Figures 1D and 1F ) or cells lacking b-arrestin 2 ( Figure 1E ) or the BBSome regulators Arl6 and Ift27 ( Figures 1C, 1F , S1A, and S1B; Movie S3). Under the same conditions, very little tip concentration or ectocytosis of SSTR3 was observed in wild-type (WT) cells ( Figure 1F ; Movie S1).
The pre-ectocytic concentration of SSTR3 at the ciliary tip was dependent on receptor activation. Within the span of 2 hr, SSTR3 accumulations at the tips of cilia were seen in more than two-thirds of b-arrestin2 À/À cilia treated with sst but in <5%
of vehicle-treated b-arrestin2 À/À cilia ( Figure 1G ). Similarly, GPR161 becomes concentrated at the tips of cilia and undergoes ectocytosis when retrieval mutants are treated with the Hedgehog pathway agonist SAG (Smoothened Agonist). Activation of the Hedgehog pathway in b-arrestin2 À/À cells led to the widespread production of ectosomes highly enriched for GPR161 with over 85% of cilia producing a tip focus after 2 hr ( Figure 1H ; Movie S4). Thus, activation of ciliary signaling receptors in retrieval-incompetent cells drives ectosome formation and we propose that ciliary retrieval and ectocytosis represent competing processes to remove activated signaling receptors from cilia ( Figure 1I ). Scanning electron microscopy (EM) of retrieval mutant cells treated with sst revealed distinct tip structures with small and large buds often displaying a constriction at their base suggestive of scission in progress ( Figures 1J and S1C) . Importantly, no buds were observed in wild-type cells ( Figures 1J and S1D) . To follow the fate of ectocytosed GPCRs, we generated EV preparations from the supernatant of serum-starved IMCD3 cells ( Figure S2A ). These EVs were positive for the cilia-localized proteins Arl13B and CD81 but negative for the exosome marker CD63 (Kowal et al., 2016) and the ESCRT-1 protein Tsg101 (Nabhan et al., 2012) (Figure 2A ). Upon stimulation of ciliary ectocytosis, streptavidin-gold detection of GPCRs tagged with an extracellular AP tag revealed a small number of EVs packaged with SSTR3 or GPR161 (Figures 2B, S2B, and S2C) . No staining was detected without expression of AP-tagged GPCRs ( Figures  S2C and S2E ). The diameter of ciliary EVs was just over 100 nm, Figure 1A , we systematically measured the decrease in ciliary SSTR3 fluorescence between two successive frames (10 min frame rate) to calculate the instantaneous removal rate. For Arl6 À/À cells, we separately analyzed transitions were no ectosome release event occurred (no ecto) from those where an ectocytosis event was detected (ecto). See the STAR Methods for details. Error bars, SD. n = 167 for WT, 369 for Arl6 À/À no ecto, and 23 for Arl6 À/À ecto. *p < 2 3 10 À4 ; **p < 2 3 10 À8 (Student's t test).
(I) Pervasive ectocytosis results in cilia shortening. a typical value for small EVs ( Figure S2D ) (Kowal et al., 2016) . We conclude that retrieval mutant cells release ciliary EVs packaged with GPCRs.
Ectocytosis Results in Significant Losses of Ciliary Material
To gain insights into the possible roles of signal-dependent ectocytosis, we estimated the quantities of ciliary material lost by ectocytosis. In a representative event from an Arl6 À/À cell, more than 30% of ciliary SSTR3 was lost through the release of a single tip focus (Figures 2C and 2D ; Movie S3). Coincidental with SSTR3 ectocytosis, substantial amounts of the BBSome (Figures 2C and 2D) and b-arrestin 2 were lost (Figures 2E and 2F; Movie S3). Thus, the retrieval machinery is efficiently co-ectocytosed with the cargoes it fails to retrieve. Remarkably, ectocytosis removed SSTR3 from Arl6 À/À cilia with a similar efficiency as retrieval in wild-type cells ( Figure 2G ). However, ectocytosis and retrieval differ markedly in their instantaneous behavior. Retrieval is a steady and fairly inefficient process, removing 2& of ciliary SSTR3 per minute ( Figure 2H ). Meanwhile, ectocytosis is an extremely efficient but rather infrequent process. On average, sst-treated Arl6 À/À cells experienced 0.6% ectocytosis event per minute but each ectocytosis event removed 31% of ciliary SSTR3 ( Figure 2H ), yielding an aggregate removal rate of 1.9& per minute. It is notable that ectocytosis removes ciliary material with sufficient magnitude to result in a progressive decrease of cilia length in Arl6 À/À cells treated with sst ( Figures 2I and S3A ) and a drastic increase in cilium length variability ( Figure S3B ). Thus, while signal-dependent ciliary ectocytosis is an effective disposal modality, it consumes more ciliary material than retrieval.
Ectocytosis Results in Selective Losses of Ciliary Material
The shortening of Arl6 À/À cilia under signaling conditions suggested that ectocytosis may indiscriminately remove ciliary proteins. To directly assess the specificity of ectocytosis, we measured efficiencies for off-pathway and on-pathway packaging of GPR161 and SSTR3 into ectosomes. On-pathway packaging was extremely efficient: Hedgehog pathway activation in b-arrestin2 À/À cells generated ectosomes containing labeled by SA647 and analyzed by fixed imaging after 6 or 9 hr treatment with sst, vehicle, or SAG (see Figure S3F ). Data were fit to an exponential decay and the rate constants for SSTR3 removal are shown in the table. n = 222-327 cilia measured per rate constant. See also Figure S3 and Movie S4.
containing 49% of ciliary SSTR3 ( Figures 1E, 3B , and S3D; Movie S3). Consistent with a high packaging efficiency for specific cargoes, we calculate that the membrane density of SSTR3 is at least 5-fold higher in ectosomes than in the cilium (see the STAR Methods). By contrast, only 16% of ciliary SSTR3 found its way into SAG-induced ectosomes ( Figures 3A, 3B , and S3D; Movie S4). Thus, activated receptors are actively concentrated into ectosomes and ciliary membrane proteins that are not excluded from the forming ectosome undergo a low level of ectocytosis ( Figure 3C ). The selectivity of ectocytosis was also seen when comparing constitutive and signal-dependent ectocytosis. In Arl6 À/À cells, we observed some ectocytosis even when SSTR3 was kept inactive by addition of the SSTR3 antagonist ACQ090 (Figure 3D ). This signal-independent ectocytosis is likely to reflect the existence of ciliary proteins that are constitutively cleared from cilia by the BBSome-the viral receptor CAR (Mick et al., 2015) , Syntaxin 3 and Syntaxin BP1 (Datta et al., 2015) or phospholipase D (Lechtreck et al., 2013) -and become ectocytosed in Bbs mutants. Nevertheless, constitutive ectocytosis is neither as pervasive nor as efficient as signal-dependent ectocytosis as SSTR3 activation enhanced ectosome production in Arl6 À/À cells beyond the constitutive level ( Figure 3D ) and ectosomes released from sst-stimulated cells contained twice as much SSTR3 as ectosomes released from antagonist-treated cells ( Figure 3E ). Meanwhile, SSTR3-positive ectosomes were only rarely released from b-arrestin2 À/À cilia in the absence of sst or SAG stimulation ( Figure 3F ), likely reflecting a specific function of b-arrestin 2 in the retrieval of activated GPCRs but not of other BBSome cargoes. Similar to the SSTR3-poor ectosomes released from SAG-treated b-arrestin2 À/À cells (Figure 3B ), the few ectosomes released from wild-type cells (Figure 3D ) contained very low levels of SSTR3 ( Figure S3E ). In conclusion, inactive SSTR3 can become incorporated into constitutive ectosomes as a bystander rather than a packaged cargo. In this context, it is worth noting that the ciliary levels of SSTR3 decreased even in the absence of sst addition in Arl6 À/À cells but remained constant in wild-type and b-arrestin2 À/À cells ( Figures   3G and S3F ). Constitutive ectocytosis thus removes measurable amounts of bystander proteins from cilia, leading to the counterintuitive conclusion that ciliary retrieval defects can result in the loss rather than the accumulation of ciliary proteins.
Ectocytosis Is Not Limited to Pathological or Artificial Settings
The concern that ciliary membrane protein overexpression might be responsible for ectocytosis was ruled out because SSTR3 tip foci were observed in sst-treated b-arrestin2 À/À cells expressing from 2,400 (near-endogenous) down to 200 molecules of SSTR3 per cilium ( Figure 4A ). Moreover, even in the absence of any transgene encoding a ciliary membrane protein, SAG-dependent ectosomes were clearly detected in Arl6 See also Figure S4 and Movie S5.
Because we did not observe substantial ectocytosis of GPR161 or SSTR3 in wild-type cells, the possibility remained that ciliary ectocytosis represented a safety valve whose opening was limited to pathological cases of failed retrieval. To determine whether ectocytosis can take place in wild-type cilia, we took advantage of SSTR3 D1-25 and SSTR3
SA/TA , two SSTR3 variants unable to interact with b-arrestin (Roth et al., 1997) and that fail signal-dependent ciliary retrieval ( Figure S4A ). Remarkably, SSTR3
SA/TA and SSTR3 D1-25 were efficiently ectocytosed upon sst treatment of wild-type cells ( Figure 4C ). Thus, GPCR variants that lack retrieval determinants undergo signal-dependent ectocytosis from wild-type cilia. This finding predicts that endogenous ciliary GPCRs that lack recognition features for the BBSome and b-arrestin will be ectocytosed in wild-type cells upon activation. The neuropeptide Y receptor 2 (NPY2R), a ciliary GPCR that participates in the hypothalamic regulation of feeding behavior, binds poorly to b-arrestin and lacks a canonical BBSome-binding motif in its third intracellular loop Marion et al., 2006) . As predicted, addition of the NPY2R agonist neuropeptide Y 3-36 (NPY 3-36 ) to wildtype IMCD3 cells led to ectocytosis of NPY2R (Figures 4D and S4B; Movie S5). Interfering with BBSome or b-arrestin function did not increase NPY2R ectocytosis ( Figures 4E and S4C ), strongly suggesting that the BBSome and b-arrestin do not participate in NPY2R removal from cilia and that ectocytosis represents the sole means of removing NPY2R from cilia. Importantly, the kinetics of ectocytosis-mediated NPY2R exit from cilia of IMCD3 cells ( Figure 4F ) were similar to those of endogenous NPY2R exiting hypothalamic neuron cilia and faster than the retrieval-mediated exit of SSTR3 from wild-type cilia ( Figure 1A ). Signal-dependent ectocytosis is thus not limited to the pathological context of retrieval mutants and efficiently removes activated signaling receptors from cilia in physiological settings such as NPY2R and the ciliary adhesion receptor SAG1 in mating Chlamydomonas gametes (Cao et al., 2015) .
F-actin Is Required for Ectocytosis but Dispensable for Retrieval
The existence of physiological cargoes for signal-dependent ectocytosis and the coordinated nature of the process suggested that specific molecular machines execute ectocytosis. Our recent ciliary proteomics profiling of the retrieval mutant Ift27 À/À (Mick et al., 2015) revealed several actin regulators enriched in the proteome of retrieval-incompetent cilia, thus hinting at a possible role for actin in ciliary ectocytosis. Remarkably, removal of activated NPY2R from cilia was abolished by the myosin inhibitor blebbistatin or by low doses of the actin poison cytochalasin D ( Figure 5A ). The step blocked by actin poisons was downstream of tip accumulation as nearly every cilium experienced a tip focus of NPY2R after 1 hr in the presence of cytochalasin D and NPY 3-36 ( Figure 5B ). Congruently, instead of rapidly detaching from cilia ( Figure 4D ), NPY2R tip foci remained at the ciliary tips for extended times in the presence of cytochalasin D ( Figure 5C ). Whereas NPY2R tip foci normally lasted for 10-30 min before ectocytic release, addition of cytochalasin D led to the persistence of NPY2R tip foci for over 100 min ( Figure 5D ; Movie S6). Consistent with a blockage at the step of ectosome release, the amount of NPY2R accumulating in buds was significantly increased by actin poisoning (Figure 5E) . Similarly, sst-induced ectocytosis of SSTR3 from b-arrestin2 À/À cilia was abolished by cytochalasin D ( Figure 5F ) and Arl6 À/À cells treated with cytochalasin D and sst accumulated SSTR3-rich foci with lifetimes of several hours ( Figure S4D ).
Most strikingly, scanning EM demonstrated the accumulation of partially pinched buds emanating from the tips of cilia in cells treated with cytochalasin D ( Figure 5G ). Collectively, these results indicate that actin polymerization is required for a late step in the release of ectosomes from the ciliary tip, most likely vesicle scission ( Figure 5H ). One potential caveat of the above experiments is that actin participates in many cellular processes and actin poisons may indirectly impinge on ectocytosis. First, ectocytosis was blocked but cells moved normally when treated with low doses of actomyosin poisons ( Figure S4E ). Combined with the observation of ectocytosis on vertical cilia that did not contact other cells ( Figure S4F ), these results rule out the hypothesis that ciliary fragments are sheared as cells move and cilia remain stuck to cells or glass. More importantly, SSTR3 retrieval and SSTR3 endocytosis from the plasma membrane were unaffected by actomyosin poisons ( Figures 5I, S4G , and S4H). Thus, it is likely that the observed effects of actin poisons on ectosome scission were direct.
Drebrin and Myosin 6 Are Specific Mediators of Ectocytosis
To further determine whether actin plays a direct role in ectosome scission and to gain insights into the mechanisms of ectocytosis, the actin-related hits from the proteomics profiling of Ift27
À/À cilia were tested in the NPY2R exit assay ( Figure 4F ).
Those hits were the actin nucleator cordon-bleu (Cobl) and its paralog cordon-bleu-like 1 (Cobll1), the microtubule-actin crosslinker drebrin (Dbn1), the unconventional motor myosin 6 (Myo6), the myosin phosphatase targeting subunit Mypt1, the dystrophin-related protein utrophin (Utrn), the band 4.1 like 4A (Epb41l4a), the capping protein Capzb, and a-actinin 1 and 4 (Actn1, Actn4). In addition, we tested myosin 7a (Myo7a) which localizes and functions at the photoreceptor connecting cilia (Wolfrum et al., 1998 ) and the kinesin-3 Kif13b, a binding partner of utrophin and the mammalian ortholog of C. elegans KLP-6 that is required for the release of PKD-positive EVs in nematodes (Wang et al., 2014) . While small interfering RNA (siRNA)-mediated depletion of most hits did not affect ciliary removal of NPY2R, depletion of drebrin, myosin 6, or a-actinin 4 significantly diminished NPY2R exit ( Figures 6A and S5A ). Congruently, the tip foci lifetime was increased in drebrin and myosin 6-depleted cells but not in utrophin, Kif13b, or control-depleted cells ( Figure 6B ). Depletion of drebrin and Kif13b was nearly complete at the protein level, and a small amount of myosin 6 protein remained after siRNA treatment ( Figures S5B-S5D ). These data strongly suggest that Kif13b is not required for ciliary exit of NPY2R, leading us to conclude that signal-dependent ciliary ectocytosis in mammalian cells is likely different from the PKD-EV secretion pathway reported in nematodes (Wang et al., 2014) . The availability of pharmacological agents that target myosin 6 and drebrin made it possible to assess whether the effects of myosin 6 and drebrin depletion on NPY2R exit could be recapitulated by acute chemical interference. Remarkably, acute treatment with the drebrin inhibitor BTP2 (Law et al., 2015) strongly reduced the rates of ectocytosis-mediated NPY2R removal from cilia but did not affect the retrieval-mediated ciliary removal of SSTR3 ( Figures 6C and S6A ). Because BTPs have been reported to interfere with store-operated calcium entry, we tested known blockers of store-operated calcium channel and found that they had no effect on NPY2R exit ( Figure S6B) . Similarly, the myosin 6 inhibitor 2,4,6-triiodophenol (TIP) (Heissler et al., 2012) greatly reduced ectocytosis-mediated exit without affecting retrieval-mediated exit ( Figures 6C and S6C) . The comparison of NPY2R and SSTR3 exit further established the specific role of actin in ectocytosis as three actin poisons acting through different mechanisms all interfered with ectocytosis without affecting retrieval. Finally, consistent with the enrichment of Arp3 in the ciliary proteome of Ift27 mutants (Mick et al., 2015) , our chemical screening strategy showed that the Arp2/3 complex is required for ectocytosis but not for retrieval and that formin activity is dispensable for both ectocytosis and retrieval (Figures 6C, S6D , and S6E). In conclusion, we find that six different drugs targeting specific elements of the actin cytoskeleton all interfere with NPY2R ectocytosis without affecting SSTR3 retrieval. In further support of this conclusion, the lifetime of NPY2R tip foci was significantly increased when cells were treated with small molecules targeting actin, myosin 6, drebrin or the Arp2/3 complex but not when formins were inhibited ( Figure 6D ).
The accumulation of uncleaved buds at the tips of cilia treated with cytochalasin D suggested that actin specifically acts at the site of ectosome scission. While the considerable levels of cytoplasmic actin precluded the imaging of actin in cilia, staining for endogenous myosin 6 revealed a clear and specific tip localization in the retrieval mutants Ift27 À/À and b-arrestin2 À/À but not in wild-type cells ( Figures 6E, 6F , and S6F).
Moreover, activation of the Hh pathway in retrieval mutants increased the number of myosin 6-positive cilia ( Figure 6F ). Further linking myosin 6 tip accumulation with ectocytosis, myosin 6 was observed at the tip of wild-type cilia upon activation of NPY2R but not SSTR3 ( Figure 6G ). Similarly, endogenous drebrin was found in cilia with a tip-biased distribution (Figures 6H and S6G) . Together, these results establish the existence of a specific actin network that acts at the tips of cilia to mediate ectosome release. NG was pulse-labeled with SA647 before addition of sst to cells and tracking of fluorescence in individual cilia. n = 14-15 cilia. See also Figure S4 and Movie S6.
Ectocytosis Compensates for Retrieval Defects to Ensure Appropriate Gli3 Processing
Given that ectocytosis removes large quantities of signaling receptors from cilia, ectocytosis is likely to affect ciliary signaling processes. In particular, our finding that AP-and NeonGreentagged GPR161 is ectocytosed in retrieval mutants (Figures 3A and S3C) suggested that ectocytosis may affect the transduction of Hedgehog signals. We first sought to test the importance of ectocytosis in the removal of endogenous GPR161 by leveraging our newly discovered pharmacological inhibitors of ectocytosis.
After a 2 hr activation of the Hh pathway, the average ciliary levels of endogenous GPR161 decreased by 80% in wild-type cells (Figure 7A ) (Mukhopadhyay et al., 2013) . Consistent with the recent finding that b-arrestins are required for Hh-induced retrieval of GPR161 from cilia (Pal et al., 2016) compared to wild-type cilia ( Figure 7A , ''+SAG''). To test whether ectocytosis was responsible for the signal-induced removal of GPR161 from retrieval mutant cilia, we treated cells with actin poisons. The removal of GPR161 from b-arrestin2 À/À cilia was significantly impaired by blebbistatin and completely abolished by cytochalasin D (Figure 7A ). Consistent with actin poisons leaving retrieval intact, the SAG-dependent exit of GPR161 from WT cilia was unaffected by cytochalasin D or blebbistatin ( Figure 7A ). We conclude that endogenous GPR161 is removed from b-arrestin2 À/À cilia by ectocytosis.
The current model for GPR161 function posits that GPR161 maintains a tonic level of cAMP in cilia through coupling to Ga s and ciliary adenylate cyclase (Mukhopadhyay et al., 2013) . This high level of ciliary cAMP activates PKA inside cilia (Mick et al., 2015) and results in the efficient processing of the Hh effector and transcription factor Gli3 into repressor (Gli3R). Upon Hh pathway activation, ciliary exit of GPR161 results in a decrease of ciliary cAMP concentration and a consequent reduction in the amount of Gli3R produced ( Figure 7B ). To assess whether GPR161 ectocytosis affects ciliary cAMP levels and Hh signaling, we measured the levels of Gli3R produced under conditions that block either retrieval, ectocytosis or both ( Figure 7B ). While the ratio of Gli3R to Gli3FL was normally reduced 5-fold upon Hh pathway stimulation in wild-type IMCD3 cells, adding SAG to Ift27 À/À cells only resulted in a 2-fold decrease of Gli3R levels ( Figures 7C-7E and S7B) .Thus, as previously reported, blockage of GPR161 retrieval mildly interferes with Hh-dependent Gli3 processing (Eguether et al., 2014) , most likely because the magnitude of Hh-induced decrease in ciliary cAMP is reduced ( Figure 7B ). Ectocytosis inhibition in retrieval mutant cells led to considerably more pronounced effects on Hh-dependent Gli3 processing. Addition of the drebrin inhibitor BTP2 to Ift27 À/À cells completely abolished the Hh-dependent decrease of Gli3R levels ( Figures 7C-7E) .
Similarly, the myosin 6 inhibitor TIP further dampened the magnitude of the Hh-dependent reduction in Gli3R levels in Ift27 À/À cells ( Figure S7B ). To further validate these results, we turned to immortalized mouse embryonic fibroblasts (MEFs), a well-accepted model of Hh signaling ( Figures 7F and S7C ). While the blockage of BBSome-mediated retrieval did not have a pronounced effect on Hh-dependent Gli3 processing in MEFs, inhibition of ectocytosis in Ift27 À/À cells completely abolished the Hh-dependent decrease of Gli3R levels ( Figures 7F-7H ). Consistent with GPR161 retrieval remaining unaffected by BTP2, this inhibitor did not significantly affect the SAG-dependent reduction in Gli3R levels in wild-type cells ( Figures 7F-7H ). Ectocytosis thus disposes of excess GPR161 from cilia in retrieval mutants to enable a partial reduction of ciliary cAMP levels. In this context, ectocytosis plays the role of a functional safety valve for the cilium, providing a means to downregulate ciliary PKA signaling when retrieval fails.
DISCUSSION Receptor Packaging into Ectosomes at the Tips of Cilia
We report here that, like the Chlamydomonas adhesion receptor SAG1, the anorexigenic GPCR NPY2R becomes dynamically concentrated at the tip of the cilium before getting packaged into outward buds for ectocytosis. In addition, GPR161 and SSTR3 exit cilia through the ectocytic pathway when the retrieval route is blocked. The packaging of signaling receptors into ciliary ectosomes is an efficient and selective process, as SSTR3 concentration is increased at least 5-fold within ectosome membranes compared to donor membranes (see STAR Methods). Similarly, SAG1 is significantly concentrated in Chlamydomonas ectosomes as compared to cilia (Cao et al., 2015) . The driving force that packages a signaling receptor into ectosomes is unknown but clustering of signaling receptors at the tips may be sufficient for cargo selection. A major question relates to the sculpting of the outward membrane buds. While abundant evidence exists for the ESCRT complexes budding intraluminal vesicles into the lumen of the multivesicular body, tetraspanins have been proposed to impart outward membrane curvature to forming exosomes (Colombo et al., 2014) , and the pentaspanin prominin may act similarly in ciliary ectocytosis given its concentration in buds near the tips of cilia (Dubreuil et al., 2007) . More generally, lipid-based microdomains may initiate ectosome budding from the plasma membrane (Desrochers et al., 2016) .
Actin and Cilia
We find that actin polymerization is required for the release of ectosomes from the ciliary tip. As cytochalasin D treatment leads to cilium lengthening (Kim et al., 2010) , ectocytosis may participate in the constitutive turnover of ciliary membrane. Mechanistically, actin polymerization directly triggers the scission of membrane tubules by reorganizing lipid domains during clathrin-independent endocytosis (Rö mer et al., 2010) . Actin polymerization may thus promote ectosome scission (see Figure 5) . Alternatively, localized actin polymerization at the ciliary tip may extrude membranous tubes that fragment into EVs (see Figure S1B , cell 6), a phenomenon known as pearling (McConnell and Tyska, 2007) .
The requirement for myosin 6, drebrin, the Arp2/3 complex, and a-actinin 4 in the ectocytic process indicates that a coordinated actin machinery triggers ectosome release. Myosin 6 participates in several trafficking processes, recognizing cargoes through ubiquitin and various adaptors. Interestingly, drebrin couples dynamic microtubules to F-actin to trigger the elongation of filopodia at the axonal growth cone (Geraldo et al., 2008) . Dynamic microtubules, such as those induced by mating signaling in Chlamydomonas (Mesland et al., 1980) , may thus recruit drebrin to the tips of cilia. a-Actinin 4 is a Ca 2+ -sensitive F-actin bundling protein that anchors actin to membrane proteins and may regulate trafficking through direct interactions with the ESCRT-0 protein Hrs and the ciliopathy protein ALMS1 (Collin et al., 2012) . Finally, because actin filaments, a-actinin, and myosin VIIa have all been found at the site of disc formation in photoreceptors (Wolfrum et al., 1998) , actin may perform other membrane-shaping functions inside cilia besides ectocytosis.
Pervasive Ectocytosis Accounts for the Loss of Signaling Receptors from Bbs Cilia
While specific proteins are actively packaged into nascent ectosomes, ectocytosis also removes bystander proteins because they are not excluded from the forming ectosome. This enrichment of specific cargoes and incorporation of bystanders into vesicular bulk flow is seen in other examples of vesicle budding (Barlowe and Helenius, 2016) with the notable difference that in intracellular transport, non-specific losses can be recovered by retrieval pathways. Our finding that constitutive ectocytosis removes GPCRs from cilia of Bbs mutants ( Figures 3G  and S3F ) may explain why the levels of SSTR3, NPY2R, PC1, and SMO appear to decrease in Bbs mutant cilia (Berbari et al., 2008; Loktev and Jackson, 2013; Su et al., 2014) . Similarly, the considerable losses of BBSome by ectocytosis in Arl6 À/À cell ( Figures   2C and 2D ; Movie S3) are likely to account for the previously reported decrease in ciliary BBSome abundance in Arl6-depeted cells (Jin et al., 2010) .
Generality of Signal-Dependent Ectocytosis
Several groups have found the PKD proteins PKD2 and PKHD1 in EVs (Wang and Barr, 2016) . Although the origin of PKD-EVs remains ambiguous, the published literature does not reject the hypothesis that PKD-EVs are the product of signal-dependent ciliary ectocytosis (Wood and Rosenbaum, 2015) . Meanwhile, in Chlamydomonas, the packaging of the adhesion receptor SAG1 and of the sporangium wall lytic protease into ectosomes originate at the tips of cilia and may be regulated by signaling or cell-cycle status (Cao et al., 2015; Wood et al., 2013) . Thus, while PKD-EVs, SAG1-EVs, lytic protease-EVs, and GPCR-EVs may originate from distinct processes, it is appealing to consider that signal-dependent ciliary ectocytosis is a widely conserved mechanism that packages activated signaling molecules into EVs.
Ciliary Ectosomes: Gold or Garbage?
One of the earliest reports of EVs found that exosome secretion rids the maturing reticulocyte of transferrin receptor (Pan et al., 1985) . Consequently, EV release was initially regarded as a way of eliminating membrane material from cells, or cell compartments such as synapses, that lack lysosomes (Von Bartheld and Altick, 2011) . Ciliary ectocytosis provides another example of EVs as disposal vessels and can compensate for the loss of retrieval activity. While the BBSome normally removes the repressors of Hh signaling GPR161 and Patched-1 from cilia, ectocytosis permits a partial transduction of Hh signals by disposing of ciliary GPR161 (and possibly Patched-1) when retrieval is compromised (Figure 7 ). These results demonstrate the functional importance of exit from cilia and suggest that the mild phenotypes of Bbs animals compared to mutants that lack cilia will be exacerbated by treatment with pharmacological inhibitors of ectocytosis. Recently, attention has shifted to the idea that ectosomes and other types of EVs transmit signals from one cell to another. Plasma membrane ectocytosis packages Ras and activated epidermal growth factor receptor (EGFR) into EVs and may spread neoplastic behavior through tissues (Desrochers et al., 2016) . Trypanosomes produce ciliary EVs that fuse with other parasites to transfer resistance to killing by the host (Szempruch et al., 2016) . Chlamydomonas and nematode PKD-EVs are also bioactive and mammalian PKD-EVs specifically adhere and fuse with cilia (Wang and Barr, 2016) . The packaging of NPY2R in ciliary ectosomes may similarly enable the transmission of signals across cells. Alternatively, signal-dependent ectocytosis may modulate NPY2R signaling in a cell-autonomous manner. In the future, the mechanistic dissection of ciliary ectocytosis will help determine whether signal-dependent ectocytosis only serves as a disposal strategy or if it also acts to spread signals across cells in mammalian organisms.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All IMCD3 cell lines were generated from a parental mouse IMCD3-FlpIn line. IMCD3 Flp-In cells were cultured in DMEM/F12, HEPES media (11330-057, GIBCO) supplemented with 5% FBS (Gemini Bio-Products), 100 U/ml penicillin-streptomycin (15140-122, GIBCO), and 2 mM L-glutamine (400-106, Gemini Bio-Products). To reconstitute agonist-dependent exit, SSTR3 and GPR161 fusion proteins were expressed at near-endogenous levels by using a single-copy low-expression cassette. The FlpIn system (ThermoFischer Scientific) was used for reliable, single-site integration at a defined genomic locus. Immortalized mouse embryonic fibroblasts were from wild-type and Ift27 À/À mice (gift from Gregory Pazour) (Eguether et al., 2014) .
Briefly, fibroblasts from embryos (embryonic day 14) were immortalized by SV40 Large T Antigen and cultured in DMEM (11995-073, GIBCO) supplemented with 10% FBS, 100 U/ml penicillin-streptomycin, and 2 mM L-glutamine. Cells were passaged using 0.05% Trypsin-EDTA (25300-120, ThermoFisher Scientific).
METHOD DETAILS
Plasmid construction and Generation of stable cell lines Cell lines expressing BBS1/5, CSAP, and GPCRs were generated using the Flp-In System (ThermoFisher Scientific). Incorporation of low-expression promoters and additional expression cassettes were done by modification of the pEF5B/FRT plasmid. Briefly, sitedirected mutagenesis was used to introduce an NsiI site in the pEF5B/FRT plasmid between the Ampicillin cassette and EF1a promoter. By traditional cloning in the NsiI and SpeI site, the EF1a promoter was replaced with either a TATA-box mutant (EF1a D ) or a minimal chicken lens d-crystallin (Crys) promoter to reduce protein expression. For EF1a D , the sequence TATAA was changed to TCCCC. Subsequent cloning into the NsiI site was used to incorporate NsiI-pPGK-BirA-ER, or NsiI-pEF1a D -AP SSTR3-IRES-BirA-ER followed by a HSV polyadenylation signal. Open reading frames for Gateway cloning were cloned into pENTR vectors from cDNAs for human BBS1 and BBS5 (gifts from Val Sheffield), BirA-ER (gift from Alice Ting), human CSAP (gift from Iain Cheeseman), mouse GPR161 (BC028163, MGC, Dharmacon), human NPY2R (BC075052, MGC, Dharmacon), and mouse SSTR3 (gift from Kirk Mykytyn). BBS1, BBS5, and CSAP were expressed by the EF1a promoter, NPY2R and SSTR3 the EF1a D , and GPR161 by the Crys promoter. As indicated, NeonGreen (NG) and TandemTomato were used in fusion proteins. Assembled pEF5B/FRT plasmids were then transfected into IMCD3 Flp-In cells along with a plasmid encoding Flp-Recombinase (pOG44), and stable transformants were selected by Blasticidin resistance. b-Arrestin2 GFP (gift from Mark Scott) was stably expressed from a pCMV-based plasmid (pEGFP-N) that was transfected into IMCD3 cells and selected using Neomycin resistance. For CRISPR-based genome editing, Cas9 and guide RNAs were transiently expressed from pX330 (Addgene, Feng Zhang). Guide RNAs targeted the first open reading of either mouse Arrb1 (ACTCACCCACGGGGTCCACG) or Arrb2 (TCTAGGCAAACTTACCCACA). The efficacy of each guide RNA was confirmed by amplifying the target locus and assessing editing frequency by the Surveyor Mutation Detection Kit (706020, Transgenomic). Clones were then isolated by limited dilution, and analyzed by western blotting. Knockouts were then confirmed by DNA sequencing of five independently cloned isolates of the genomic locus using the CloneJET PCR cloning kit (K1231, ThermoFisher Scientific).
Drug treatments
The following reagents were used at the indicated concentrations: 20 mM ACQ090, 100 mM 2-APB, 50 mM (-)-Blebbistatin, 1 mM BTP2, 50 mM CK-636, 0.5 mM Cytochalasin D, 50 mM Emetine, 15 mM Jasplakinolide, 1 mM LaCl 3 , 1 mM Latrunculin A, 1 mM Neuropeptide Y 3-36, 200 mM SAG, 25 mM SMIFH2, 10 mM Somatostatin 14, 0.5 mM Taxol, and 25 mM TIP. Peptides were dissolved in DMEM/F12 media, HEPES, no phenol red (termed vehicle, 11039-021, GIBCO). Small molecules were dissolved in DMSO (276855, Sigma-Aldrich). GPCR ligands were used 100-to 1,000-fold above K D .
As indicated in figure legends, (-)-Blebbistatin was added concurrently with GPCR agonist (t = 0). 2-APB, LaCl 3 or TIP was added 10 min prior to agonist or vehicle addition. Jasplakinolide was added 30 min prior. BTP2, Cytochalasin D or SMIFH2 was added 1 hr prior. Latrunculin A was added 10 min prior to fixed imaging experiments or 1 hr prior to live-cell imaging. CK-636 or Emetine was added 2 hr prior to agonist or vehicle addition. For fixed imaging pulse chases involving emetine, all cells were treated with emetine for the same duration. For example, in Figure 4F , cells were treated with emetine for 2 hr, then vehicle and/or NPY 3-36 for 4 hr.
Knockdowns and transfections
Plasmid transfections were performed using Lipofectamine 2000 (11668027, ThermoFisher Scientific), and siRNAs and esiRNAs were by Lipofectamine RNAiMAX (13778-075, ThermoFisher Scientific). First, the transfection reagent was diluted in Optimem (31985070, ThermoFisher Scientific) and incubated at room temperature for 5 min. Nucleic acid reagents were then added to the diluted transfection reagent for 20 min before addition to suspended cells. The transfection-cell mixture was then plated in a cell culture dish. For plasmid transfections, the transfection reagent was replaced by fresh DMEM/F12 medium after 4 hr. For all transfected cells, cells were switched to starvation media after 48 hr, and analyzed 16 hr later.
Cell imaging
For fixed imaging, 70,000 cells were seeded on acid-washed 12 mm #1.5 cover glass (Fisherbrand) in a 24-well plate. After 24 hr of growth, cells were starved for 16 hr and fixed in Phosphate Buffer Saline (PBS) containing 4% sucrose and 4% paraformaldehyde for 15 min at room temperature. Cells were then permeabilized in PBS containing 0.1% Triton X-100 (BP151-500, ThermoFisher Scientific), 5% normal donkey serum (017-000-121, Jackson Immunoresearch Labs), and 3% bovine serum albumin (BP1605-100, ThermoFisher Scientific) for 30 min. Permeabilized cells were incubated with the specified primary antibodies for 1 hr, washed three times with PBS, and incubated with dye-coupled secondary antibodies (Jackson Immunoresearch Labs) for 30 min. Cells were then washed two times with PBS, stained with Hoechst DNA dye, and washed twice more with PBS before mounting slides with Fluoromount G (Electron Microscopy Sciences).
For live-cell imaging, 400,000 cells were seeded on acid-washed 25 mm cover glass (Electron Microscopy Sciences) in a 6 cm dish. After 24 hr of growth, cells were starved for 16 hr and transferred to the DeltaVision stage for imaging at 37 C inside an environmental chamber. Cells were imaged in DMEM/F12 media, HEPES, no phenol red (11039-021, GIBCO). For all > 1 hr imaging experiments, the imaging chamber was overlaid with a petri dish containing a moist towel to maintain the imaging volume and pH. To accurately measure removal of AP SSTR3 NG , the AP tag of SSTR3 was pulse-labeled with Alexa647-labeled monovalent streptavidin (SA647) for 5 min (Howarth and Ting, 2008) . Cells were imaged on either an AxioImager.M1 microscope (Carl Zeiss) equipped with a PlanApo 63x/1.4NA objective lens, or by a DeltaVision system (Applied Precision) equipped with a PlanApo 60x/1.40 objective lens (Olympus), a CoolSNAP HQ2 camera (Photometrics), an EMCCD camera, a solid state illumination module (InsightSSI), a TIRF module and a quantifiable laser module. Image analysis was done with Fiji. In most experiments, Z stacks with 0.5-mm separation were acquired but only the most in-focus plane was used for image analysis. For imaging cilia pointing upward ('dorsal cilia'), a 0.3-mm separation Z stack was acquired and Z stacks were deconvolved using SoftWoRx. The base of the cilium was identified by marker localization (Ninein, CSAP, BBS1/5), the accumulation of intracellular GPCR-positive vesicles around the basal body, the change in focal plane for GPCR fluorescence as the base of the cilium bends toward the cell, and orientation away from the cell body for top/dorsal cilia.
Extracellular vesicle preparation IMCD3 cells were cultured to near confluency in a 15 cm dish. The medium was then replaced with DMEM/F12 medium containing 0.2% FBS plus SAG, somatostatin, or DMSO. Media was harvested after 16 hr and extracellular vesicles were purified as diagramed in Figure S2A (Kowal et al., 2016) . First, the cell culture medium was transferred to a 50mL conical tube. The cells were then washed with 10mL PBS, and the washed media was added to the conical. Second, the conical was centrifuged at 300 RCF for 10 min at 4C to remove cell debris. The supernatant was then transferred to a new 50mL conical tube and centrifuged at 2000 RCF for 20 min at 4C. The resulting supernatant was then transferred to a Beckman JA-20 Fixed Angle Rotor, and centrifuged at 10,000 RCF for 40 min at 4C to produce the P10 pellet. The supernatant was then ultracentrifuged at 100,000 RCF for 90 min at 4C in a Beckman SW-28 Swinging Bucket Rotor. The pellet was washed in PBS and ultracentrifuged at 100,000 RCF for 90 min at 4C in a Beckman TLS-55 to produce the P100 pellet.
Electron microscopy Cells were cultured on cover glass and treated with blebbistatin for 1 hr before fixation. Blebbistatin reduced the rate of SSTR3 ectocytosis. Cells were fixed with 3.5% glutaraldehyde (16120, Electron Microscopy Sciences) in 0.1 M Phosphate Buffer (PB) for 1 hr at room temperature, washed with PB, post-fixed with 1% osmium tetroxide (Electron Microscopy Sciences) in PB for 45 min at room temperature, rinsed with deionized water, and dehydrated first in ethanol, then with CO 2 by the critical point drying method. The samples were coated with gold/palladium alloy by sputter coating. Primary cilia on the surface of cells were studied under a Hitachi S-4800 scanning electron microscope using Quantax 400 software (Bruker Corporation).
EVs (p10 and P100) were resuspended in room temperature PBS and incubated for 1h on UV-irradiated carbon/formvar copper grids. Grids were then washed with 50 ml PBS for 5 min, and biotinylated EVs were labeled with streptavidin-conjugated 3-nm gold nanoparticles for 30 min. Streptavidin-conjugated gold nanoparticles were diluted 100 times in PBS. Grids were washed 5 times in PBS, negatively stained with 1.5% uranyl acetate for 5 min, and dried in a dust-free chamber. The EVs were visualized using a JEOL 1400 electron microscope (120 kV) at 10,000 x or 25,000 x magnification.
QUANTIFICATION AND STATISTICAL ANALYSIS
Image analysis and curve fitting Data analysis, curve fitting, and presentation were done with ImageJ, Excel, MATLAB, and Kaleidagraph. Integrated ciliary intensities were measured on ImageJ by a segmented line (width = 3), and were corrected for background by subtracting the fluorescence immediately adjacent. Background can include nonspecific antibody or label staining, detector noise, out-of-focus fluorescence, and plasma membrane-localized receptors. For live-cell imaging of AP SSTR3 and AP SSTR3 NG , a mathematical background correction was applied rather than subtracting a unique background measurement for each time point. Briefly, the background was determined by multiplying the average nonciliary fluorescence by the measured area of the cilium. Live-cell imaging data were also corrected for photobleaching. The rate of fluorescence decay from photobleaching was determined by imaging cilia at 2 Hz in the buffer used for the relevant experiment. Experiments were designed to have < 15% photobleaching. Measurements were corrected using the equation:
where l is the exponential decay constant for photobleaching, n is the number of image acquisitions take, F n is the integrated fluorescence measured for image acquisition 'n', F 1 is the integrated fluorescence at the first measurement, and F corrected is the reported integrated fluorescence.
Retrieval of SA647-labeled AP SSTR3 or AP SSTR3 NG was defined as reduction of ciliary SA647 or NeonGreen fluorescence without observed ectocytosis. To deconvolve removal of SSTR3 by retrieval versus ectocytosis, the instantaneous change in SA647 between each time point was analyzed and sorted based on whether an ectosome was released or not (see Figure 2H , Arl6 À/À ). For reporting retrieval rates (see Figure 1A ), all instantaneous velocities describing ectocytosis events were discarded. The remaining instantaneous velocities were ordered by time point, averaged, and used to describe a theoretical, ectocytosis-free experiment (see Figure 1A, Arl6 À/À + sst).
All boxplots are Tukey boxplots. The box displays the second, third, and fourth quartiles. The whiskers represent values within the 1.5x the interquartile range. Outliers exceeding the whiskers are plotted as points or omitted. Boxplots and medians are frequently used to describe the GPCR abundance as, for both endogenous and reconstituted GPCRs, infrequent cilia with very high GPCR content distort the population average. Removal of NPY2R in Figures 6A and 6C is expressed by the change in median ciliary fluorescence (F) such that:
For Figure 6C , removal was normalized to DMSO-treated cilia to compare NPY2R and SSTR3 removal. Statistically significant differences in the rate of GPCR removal ( Figures 6A and 6C ) were identified by a z-statistic comparing regressions. Briefly, data as in Figures The resulting z-statistics were then converted to a p values for interpretation and identifying conditions for further investigation. Electron microscopy images of EVs were analyzed by ImageJ. Gold-positive EVs were defined as vesicle-shaped structures containing multiple 3-nm diameter electron-dense nanoparticles. On ImageJ, a polyline was drawn on the edge of the vesicles to measure the the area and Feret diameter. The number of gold particles per vesicles was counted manually and divided by the vesicle area to calculate the gold bead density per mm 2 .
Quantitative western blots were imaged with a ChemiDoc Touch (Bio-Rad). The resulting images were quantified using Image Lab (Bio-Rad).
Calculation of SSTR3 density in extracellular vesicles
To estimate the packaging of SSTR3 into EVs, we compared the density of SSTR3 in ciliary versus EV membranes. While the GFP fluorescence of ciliary AP SSTR3
GFP can be used to quantify the number of SSTR3 molecules per cilium and estimate the physical proportions of cilia (see below), this approach cannot estimate the SSTR3 density in EV membranes as the diameter of an EV is below the resolution of conventional microscopy. Therefore, we used the density of streptavidin-conjugate gold molecules in electron microscopy images to gauge the density of biotinylated AP SSTR3 NG (see below and Figure 2B ). These estimates find a 5. GFP ] cilia had been previously measured using a rotavirus-like particle with 120 GFP molecules as a calibrator (Breslow et al., 2013) . GFP-tagged viral particles and IMCD3-[pEF1a-AP SSTR3 GFP ] cells were imaged on a spinning-disc confocal (CSU10, Yokogawa Corporation of America on a Ecplise TE2000, Nikon) with a 63x, 1.4 NA Plan Apochromat objective, a 488 nm laser (Innova 70C-Spectrum, Coherent), and a charge-coupled device camera (Cascade 512B, Photometrics). Data were collected using MetaMorph software (Molecular Devices). Rotavirus-like particle intensity was measured in a summed z stack projection. Adjacent background was subtracted, and the resulting mean particle intensity of the virus was divided by 120 to estimate the fluorescence intensity of a single GFP molecule under the imaging conditions used. Similarly, the summed z-projection intensities for IMCD3-[pEF1a-AP SSTR3 GFP ] cilia were measured, and the SSTR3-GFP intensity per unit length was converted to the number of SSTR3-GFP molecules per micrometer length of the ciliary membrane. As the average IMCD3-[pEF1a- The density of SSTR3 molecules in the ciliary membrane was estimated by modeling the membrane area of the cilium as a onecapped cylinder:
Membrane Area of a Cilium = 2 Ã p Ã radius Ã height + p Ã radius 2 where radius equals the diameter of the ciliary membrane (300 nm) divided by two, and height is the median length measured in Figure -expressing cells, one densely labeled with gold particles (white insets) and the other unlabeled, as well as a gold particle non-specifically adhering to the grid (black inset). Densely decorated EVs were produced by cells expressing AP-tagged GPCRs but not by control IMCD3 cells. All scale bars are 50 nm. (D) The diameter of EVs with 3 or more gold particles was measured in ImageJ (STAR Methods). Error bars: SD (n = 37-47 EVs per GPCR). (E) Measurement of GPCR surface density in EVs. EVs with 1 or more gold particles were selected from P10 micrographs and the number of gold particles per EV was manually counted and divided by the surface area of the EV. Although occasional gold particles are detected on control EVs, the very low density suggests that that the gold particles were non-specifically bound (n = 37-47 EVs per GPCR). Figure 4C . The third intracellular loop is labeled ''i3'' and the C-tail is boxed with the amino acid sequence displayed to the right. C-tail residues were numbered 1-99 starting immediately after the NPxxY(x) 5 F motif which terminates the last transmembrane segment. SSTR3 D1-25 indicates that the first 25 residues of the C-tail were deleted. SSTR3 SA/TA is a variant where all 13 C-tail serine and threonine residues (asterisks) are mutated to alanine. Drebrin localized at the cilia tip, distal to the basal body marker ninein. Scale bar, 4 mm. (B and C) Retrieval and ectocytosis ensure appropriate Gli3 processing. Wild-type or Ift27 À/À cells were starved for 24 hr, and then treated with vehicle or SAG and either DMSO, the drebrin inhibitor BTP2 or the myosin 6 inhibitor TIP for 8 hr. Lysates from (B) IMCD3 cells or (C) MEF were immunoblotted for Gli3 and Annexin V used as a loading control.
